Heterogeneous nuclear ribonucleoprotein L (hnRNP L) is a major pre-mRNA binding protein and it is an abundant nuclear protein that shuttles between the nucleus and the cytoplasm. hnRNP L is known to be related to many cellular processes, including chromatin modification, pre-mRNA splicing, mRNA export of intronless genes, internal ribosomal entry site (IRES)-mediated translation, mRNA stability, and spermatogenesis. In order to identify the cellular proteins interacting with hnRNP L, this study performed a yeast two-hybrid screening, using a human liver cDNA library. The study identified insulin-like growth factor binding protein-4 (IGFBP-4) as a novel interaction partner of hnRNP L in the human liver. It then discovered, for the first time, that hnRNP L interacts specifically with IGFBP-4 in a yeast two-hybrid system. The authenticity of this two-hybrid interaction of hnRNP L and IGFBP-4 was confirmed by an in vitro pull-down assay.
Introduction
The heterogeneous nuclear ribonucleoproteins (hnRNPs) are abundant RNA-binding proteins which play important roles in multiple aspects of the biogenesis of mRNA and mRNA metabolism, including activation of transcription, packaging of nascent transcripts into hnRNP particles, regulation of pre-mRNA processing, the transport of mature RNAs to the cytoplasm, regulation of translation, and regulation of mRNA stability [13] . More than 20 hnRNPs have been determined to exist in human nuclei, and are designated hnRNP A1 through U [3] . hnRNPs are able to bind to RNA with differential binding specificities and interact via protein-protein interaction both with themselves and with other protein factors [12, 13] .
The hnRNP L protein is composed of 558 amino acid residues, and contains four loosely conserved RNP-consensus (CS) RNA-binding domains (RBDs) that bind to CA-rich elements [3, 10] . hnRNP L was first identified as a nuclear protein. However, it is not restricted to the nucleus, rather shuttles between the nucleus and cytoplasm [16] . hnRNP L has been proposed as a global regulator on the level of mRNA processing, markedly in alternative splicing [15] . It was reported that hnRNP L binds to pre-mRNA processing enhancer of Herpes Simplex Virus thymidine kinase gene and promotes both polyadenylation and nucleocytoplasmic export of intronless mRNAs [6] . hnRNP L was found to specifically interact with the hepatitis C virus (HCV) internal ribosomal entry site (IRES) and facilitate HCV IRES-mediated translation initiation [8, 11] . It was suggested that hnRNP L plays a novel functional role in RNA stability through binding with high affinity to CA repeats [10] . Moreover, the hnRNP L protein was suggested as a key factor involved in apoptosis, death and growth of spermatogenic cells from functional proteomic studies of azoospermia patients with sertoli cell only syndrome [18] .
In order to better understand the function of hnRNP, this study searched for novel binding partners of hnRNP L in human liver cells. hnRNP L was used as a bait in a yeast two-hybrid screening for that purpose. Several independent cDNA clones were identified and their nucleotide sequences and predicted amino acid sequences were analyzed. The nucleotide sequence of some of these clones was identical with that of human IGFBP-4 (Insulin-like growth factor binding protein-4) (GeneBank accession number NM_001552.2). IGFBP-4 is one of the insulin-like growth factor binding proteins (IGFBPs). IGFBP-4 is known to be the protein that me-diates cell proliferation by binding to insulin-like growth factor (IGF)-I and IGF-II. It is also known to mediate its actions through a mechanism which is independent of IGFs [22] . In addition, IGFBP-4 has been shown to inhibit DNA synthesis induced by IGF-I in both cancerous and non-cancerous cells [9] . Finally, IGFBP-4 has been implicated predominantly in inhibitory functions, which include reducing cellular proliferation and DNA synthesis as well as inducing apoptosis in a cell type-specific manner [4] .
This study showed for the first time that hnRNP L interacts specifically with IGFBP-4 in a yeast two-hybrid system. The authenticity of this interaction between hnRNP L and IGFBP-4 was verified by an in vitro binding assay.
Materials and Methods

Plasmid constructs
The plasmids pGBT9 and pACT2 were purchased from Clontech Inc. Plasmids pGBT9/hnRNP L (1~558), pGAD424/ hnRNP L (1~558) and pTM1/hnRNP L were a kind gift from Dr. Sung Key Jang (Department of Life Science, Pohang University of Science and Technology, Korea) [7] . The generation of plasmids pGBT9/hnRNP A1 (1~320) and pGAD424/hnRNP A1 (1~320) was obtained as described previously [12] .
For the construction of pACT2/IGFBP4 (2~258), the original clone #9, which included a partial cDNA of IGFBP4 from nt#84 to nt#2094 as an in-frame fusion with GAL4 activation domain, was used as a template for PCR. A fragment of IGFBP4 coding sequence corresponding to amino acids 2-258 was amplified using the following primers: 5'CCGGAAT-TCTGCCCCTCTGCCTCGTGGCC3' (forward) and 5'CCGCT-CGAGTCACTCTGAAAGCTGTCAGC3' (reverse). The resultant PCR product was digested with EcoRI and XhoI, inserted in-frame into the EcoRI-and XhoI-digested pACT2 vector. The construct was then verified by sequencing to exclude possible errors introduced during PCR (Bionex, Korea).
pGBT9/IGFBP-4 (2~258) was created by cloning the DNA fragment from pACT2/IGFBP-4 (2~258) digested with BamHI/XhoI into pGBT9 vector treated with BamHI/SalI. pTM1/IGFBP-4 (2~258) was constructed by inserting the DNA fragment from pACT2/IGFBP-4 (2~258) treated with EcoRI/XhoI into similarly digested pTM1 vector [12] . A DNA fragment encoding IGFBP-4 (2~258) was isolated by digestion of pTM1/IGFBP-4 (2~258) with NcoI and XhoI. This insert DNA was ligated with similarly treated pCS3-MT vector [19] , resulting in a construct pCS3-MT/ IGFBP-4 (2~258). The plasmid pGEX-KG/hnRNP L (141~558) was constructed as described by Park et al. [21] .
Yeast two-hybrid screening
The human liver cDNA library and yeast strains were purchased from Clontech, Inc. Yeast two-hybrid screening [5] was carried out as suggested by the manufacturer's instructions. The plasmid pGBT9/hnRNP L (1~558) and human liver cDNA library were introduced into Saccharomyces cerevisiae strain HF7c (MATa, ura3-52, his3-200, lys2-801, ade2-101, trpl-901, leu2-3, 112, gal4-542, gal80-538, cyh r 2, LYS2:: GAL1uas-GALtata-HIS3, URA3::GAL417mers(X3)-CyCltata-laZ). Transformants were selected on triple selectable media (synthetic medium lacking leucine, tryptophan, and histidine) and were subsequently screened for β-galactosidase activity using a filter lift assay. After His + transformants were transferred to filter paper, liquid nitrogen was added to the filter to lyse the cells. The filter was then laid on top of another filter paper pre-soaked with Z-buffer (60 mM Na2HPO4/ 40 mM NaH2PO4/ 10 mM KCl/1 mM MgSO4) containing 5-bromo-4-chloroindol-3-yl β-D-galactopyranoside (X-Gal) (20 ng/ml). The color change in the yeast colonies was monitored by keeping filters at 30℃ for up to 30 h of reaction time.
Production of recombinant proteins E. coli BL21 (DE3) pLysS (Novagen) was transformed with the plasmid pGEX-KG/hnRNP L (141~558) as well as with pGEX-KG vector to obtain unfused GST protein. Transformants were grown at 37℃ until optical density (OD) at 600 nm reached 0.5. Expression of the proteins was induced by 0.5 mM Isopropyl-β-D-thiogalactopyranoside (IPTG) for 6 h at 27℃. After harvest, the cells were resuspended in lysis buffer [20 mM Na-phosphate (pH 7.6), 150 mM NaCl, 0.5 mM phenylmethylsulfonyl fluroride (PMSF), 1mM β-mercaptoethanol and 10% glycerol] and sonicated. After centrifugation, the supernatant was stored at -70℃.
In vitro pull-down assays
The plasmids pTM1/hnRNP L and pCS3-MT/IGFBP-4 (2~258) were employed as templates for in vitro transcription-translation reaction. Radio-labeled hnRNP L and IGFBP-4 were synthesized in a rabbit reticulocyte lysate (Promega) in the presence of [ 35 S]-methionine and cysteine (Perkin Elmer Life Sciences, Inc.). GST pull-down experiment was performed as described [21] . In order to identify novel interaction partners of hnRNP L, the yeast two-hybrid screening [5] was conducted. The screening procedure utilized the hnRNP L cDNA which was fused to the DNA-binding domain of the yeast transcription factor GAL4 (DB-hnRNP L) as a bait. A human liver cDNA library fused to the GAL4 activation domain was employed as a target. About 2.2×10 6 cotransformants were screened by carrying out the selection in yeast strain HF7c, which contains both HIS3 and LacZ reporter genes under the control of GAL4-responsive elements. Twenty eight positive colonies revealed both β-galactosidase activity and histidine prototrophy. Library plasmids recovered from the β-galactosidase + and His + yeast colony were transformed into E. coli JBE181. After bacterial colonies were grown on M63-Leu plates, the amplified library plasmid DNA was extracted. The plasmid DNA was analyzed after restriction digestion. In order to confirm interaction, library plasmids containing the cDNA sequence of the putative interaction partners were retransformed with pGBT9/hnRNP L into the reporter yeast strain. In addition, in order to check for self-activating properties of the corresponding cDNAs, they were reintroduced into the reporter yeast strain with pGBT9 only. The library plasmids that conferred His + and blue color to the reporter yeast strain only in the presence of DB-hnRNP L were further analyzed. The cDNA of these plasmids was sequenced and the sequences were characterized by BLAST analysis. BLAST search confirmed that seven independent clones contain partial human IGFBP-4 cDNA (GeneBank accession number NM_001552.2). The mRNA of IGFBP-4 is composed of 2246 nucleotides and includes a single ORF of 777 nucleotides. This coding sequence, residing in between nt#313 and nt#1089, encodes 258 amino acid residues. The size of the insert DNAs of those seven clones was about 2.0 kb-long (Fig. 1) . Two of them, clone #9 and clone #19, seemed to be identical. They contained the complete ORF of IGFBP-4 fused in-frame to the Gal4 activation domain. In contrast, other clones were found to be inserted out-offrame with the Gal4 activation domain. Clone #9, which included a partial cDNA of IGFBP-4 from nt#84 to nt#2094, corresponding 5'UTR, complete ORF, and 3'UTR, was used as a template for PCR. A fragment of the IGFBP-4 coding sequence corresponding to amino acids 2~258 was amplified and ligated into the coding sequence of the Gal4 activation domain of pACT2. The nucleotide sequences of the PCR-amplified inserts were confirmed by sequencing. Table 1 ). IGFBP-4 did not induce β-galactosidase activity in cells that carried only GAL4 DNA-binding domain (Fig. 2C ). This result indicates that IGFBP-4 does not have self-activating property.
To further confirm the interaction of hnRNP L with IGFBP-4, the plasmid containing the IGFBP-4 cDNA fused to the Gal4 DNA-binding domain was also constructed. The interaction between hnRNP L and IGFBP-4 was then examined. When fusion proteins of DB-IGFBP-4 and Ac-hnRNP L were expressed in the reporter yeast strain, His + and β-galactosidase activity were demonstrated. (Fig. 2H, Table 1 ). IGFBP-4 did not induce β-galactosidase activity in cells that carried only GAL4 transcription activation domain (Fig. 2G) . These results therefore indicate that hnRNP L specifically interacts with human IGFBP-4 in yeast two-hybrid system regardless of the fused domains. Furthermore, when fusion proteins of DB-IGFBP-4 and Ac-IGFBP-4 were expressed in the reporter yeast strain, His + and β-galactosidase activity were detected (Fig. 2D) . This result suggests that IGFBP-4 exists in oligomeric form as well as monomeric form.
In vitro pull-down assay indicates that IGFBP-4
interacts with hnRNP L
In order to confirm the physical interaction between two proteins, the examination of protein-protein interaction between hnRNP L and IGFBP-4 was carried out, using in vitro pull-down assay. hnRNP L (141~558) was expressed as a fusion protein with bacterial glutathione S-transferase (GST). The GST protein was used as a negative control. To exclude the possibility that the protein-protein interaction was mediated by protein-RNA-protein interactions, RNase A and RNase T1 were added to the reaction mixture. After washing the sample, bound GST fusion protein and any associated proteins were dissociated by boiling it in SDS-containing buffer and were analyzed by SDS-PAGE. As shown in Figure 3 , GST-hnRNP L (141~558) fusion protein was able to pull-down both radio-labeled hnRNP L and IGFBP-4. On the other hand, these labeled proteins could not be precipitated by GST alone (Fig. 3) . Therefore, this study concludes that IGFBP-4 is capable of interacting specifically and physically with hnRNP L in an in vitro pull-down assay.
IGFBP-4 is one of the insulin-like growth factor binding proteins. Six IGFBPs have been identified so far. IGFBPs regulate the biological activity of IGF, either inhibiting or potentiating its effects by modulating bioavailability of IGFs [2] . IGFBP-4 acts by binding to IGF-I and IGF-II and modulating their biological effects. IGFBP-4 is a very important inhibitory binding protein of the IGF system and inhibits IGF-I activity by sequestering IGFs but cleavage by pregnancy associated plasma protein-A (PAPP-A) protease releases active IGF-I [1] . IGFBP-4 was found to play a role not only as a negative regulator, but also as a positive regulator of IGF-in- duced cell proliferation and differentiation [20] . Moreover, IGFBP-4 acts independent of IGF-I and IGF-II. It was suggested that IGF-independent activities modulate numerous cellular processes, including cell growth, differentiation, and apoptosis, although the mechanism of the IGF-independent action of IGFBP-4 is not well understood [22] .
IGFBP-4 is produced mainly in the liver, but many other tissues, especially neoplastic tissue, produce it, as well [14, 17] . It has been found that most of the endogenously expressed IGFBP-4 was secreted and some cellular IGFBP-4 was also detected in a variety of cells [23] . Cellular IGFBP-4 was identified as slightly bigger than the secreted IGFBP-4, presumably because of the presence of a secretion signal [23] . The function of cellular IGFBP-4 is not yet known. On the other hand, there is accumulated evidence showing the link between IGFBP-4 and a variety of cancers [4] . As a result, IGFBP-4 is rapidly gaining attention as a protein related to the progression of some cancer cells.
Previous studies suggest that hnRNP L is involved in regulating both translation and mRNA stability in the cytoplasm. This regulation is likely to be achieved with the assistance of other cellular factors. The function of cytoplasmic IGFBP-4, in contrast, has not yet been identified. At this moment, the functional consequences of protein-protein interaction between hnRNP L and IGFBP-4 is unknown. A further study of the in vivo interaction between these two proteins in human cells is required to gain insight into the cellular function of this protein complex.
